Simple chiral TES-amino alcohol organocatalysts containing a bulky silyl [triethylsilyl: TES] group on oxygen atom at γ-position were designed and synthesized as new organocatalysts for the enantioselective Diels-Alder (DA) reaction of anthrones with maleimides to produce chiral hydroanthracene DA adducts (up to 99% yield with up to 94% ee).
Introduction
Asymmetric organocatalysis has emerged as an important and rapidly growing area of synthetic organic chemistry, and excellent covalent and non-covalent organocatalysts have been developed for use in a wide range of reactions. 1 The base catalyzed asymmetric Diels-Alder (DA) reaction is one of the most straightforward and atom economical method to construct chiral six-membered carbocyclic compounds in synthetic organic chemistry. 1 Among the dienes, anthrone has been considered as one of the powerful diene component and can react with a variety of dienophiles. 2 Particularly, the DA reaction of anthrone with
We designed a series of chiral primary amino alcohols 1a-f, 2a-h, and 3-5 with several substituent groups at the β-position as an organobase catalyst (Scheme 2). The reaction using these designed amino alcohol catalysts might proceed through the transition state X (Figure 1) . Thus, anionic anthracene is formed by the reaction with amino alcohol acting We report herein that the newly designed primary amino alcohol containing a bulky silyl group on oxygen atom at γ-position is an efficient organobase catalyst for the asymmetric DA reaction of anthrone with maleimides affording chiral hydroanthracene as a DA adduct with a good chemical yield (up to 99%) and an excellent enantioselectivity (up to 94% ee).
Results and Discussion
Primary β-amino alcohol catalysts 1a-f, 11 2a-h and 3-5 containing several substituent groups at the β-position were prepared as follows (Scheme 2). Thus, amino alcohols 1a-f
containing aliphatic or aromatic substituent groups at the β-position were easily prepared by well-known Grignard reactions with the corresponding α-amino acid esters, and the bulkier β-amino alcohol catalysts 2a-g containing several silyl groups on oxygen atom at the γ-position were also easily prepared 11b by the reactions of the amino alcohol 1f with containing secondary amino group was also prepared by the reaction of 2e with benzyl bromide in 46% yield.
We first examined the DA reaction of anthrone 6 with N-phenylmaleimide 7 using the common amino alcohols 1a-f as organobase catalyst (Table 1 ). The reaction of 6 (1 equiv.) 1a-e did not show satisfactory catalytic activity and afforded the DA adduct 8 in only low chemical yields (14-29%) and enantioselectivities (3-23% ee). Furthermore, amino diol catalyst 1f afforded 8 in good chemical yield (76%), but the enantioselectivity was quite low (9%). Considering with the above results, we next examined the same DA reaction using amino alcohols 2a-h containing bulkier substituted silyl group on oxygen atom at γ-position in the catalyst. The reaction of 6 (1 equiv.) with 7 (1.2 equiv.) was carried out at room temperature in CH 2 Cl 2 in the presence of catalysts 2a-h (10 mol%), respectively (entries 7-14). As results of these reactions, all catalysts showed a catalytic activity and afforded the DA adduct 8 in moderate to fairly good chemical yields (32-92%).
Furthermore, enantioselectivity also increased in the reaction using almost catalysts 2a-c,e-g (32-43% ee), other than TPS-2d (16% ee) and TTMSS-2h (25% ee) catalysts, although satisfactory enantioselectivities were not observed under these reaction conditions.
The best chemical yield and enantioselectivity were 92% and 42 % ee in the case of using the catalyst 2e which was bearing TES moiety on oxygen atom at γ-position in the molecule (entry 11). From these results, it was indicated that the use of an amino alcohol catalyst bearing considerably bulky silyl substituent on oxygen atom at γ-position might be not effective for obtaining an satisfactory enantioselectivity in this reaction. The same reaction using TES-amino silyl ether catalyst 3 in which the hydroxyl group was protected by a trimethylsilyl (TMS) group brought about a great decrease in chemical yield and enantioselectivity (74%, 6% ee, entry 15) in comparison with the result of the reaction using the corresponding amino alcohol catalyst 2e with free In order to optimize the reaction conditions using the superior TES-amino alcohol organocatalyst 2e, we next examined the effect of the molar ratio of catalyst 2e, the effect of solvent, reaction temperature and reaction time ( Table 2 ). The increase of catalytic loading of 2e to 20 mol% resulted in a slight increase in both the chemical yield (93%) and enantioselectivity (46% ee) (entry 1) than that of the reaction containing 10 mol% of 2e (Table 1 , entry 11). However, the decrease of catalytic loading of 2e to 5 mol% resulted in a Under the optimized reaction conditions, a wide range of the DA reactions with anthrones 6, 9a,b 2 and maleimides 7, 10a-f 3-9 were investigated using superior TES-catalyst 2e and the results are shown in Table 3 . The obtained DA adducts 11a-h were isolated and those absolute configurations were determined on the basis of both literature values of optical rotation and retention times on HPLC chiral columns. 7,9,10a The use of N-methylmaleimide 10a afforded the corresponding DA adduct 11a 10a in excellent chemical yield (97%), although enantioselectivity was low (39% ee) (entry 1). The reaction with N-(4-methylphenyl)maleimide 10b also afforded the DA adduct 11b 10a in a fairly good chemical yield (91%) and the enantioselectivity also increased to 32% ee (entry 2).
Although bulkier N-benzylmaleimide 10c also did not afford the 11c 9 in a satisfactorily enantioselectivity (46% ee), the chemical yield was fairy good (93%) (entry 3). Based on the results of the reaction using maleimides 7, 10a-c, the DA reaction of 6 with N-(2-nitropheny)lmaleimide 10d having a polar and bulkier strong electron-withdrawing nitro group at 2-position on phenyl group using TES catalyst-2e (20 mol%) was examined at rt for 48 h (entry 4). The reaction was proceeded smoothly and afforded the DA adduct 11d 7 in excellent chemical yield (97%) and with better enantioselectivity (66% ee) in comparison with the result using other maleimides 7, 10a-c (entry 4). However, the reactions using both N-(3-nitrophenyl)maleimide 10e and N-(4-nitrophenyl)maleimide 10f also afforded the corresponding DA adducts 11e 10a ,f 10a respectively, in excellent chemical Table 3 The asymmetric Diels-Alder reaction of anthrones 6, 9a,b with maleimides 7, 10a-f using catalyst 2e To further improve the enantioselectivity in the reaction of 6 with 10d using 2e, we next examined the effect of the molar ratio of catalyst 2e, reaction temperature and reaction time ( Table 4 ). The reaction was examined at lower temperatures of both 0 °C and -20 °C (entries 1 and 2). The best enanthioselectivity (94% ee) with good chemical yield (65%) was obtained when the reaction was carried out at 0 °C (entry 1). However, the reaction at -20 °C brought about a decrease of chemical yield and enantioselectivity (21%, 86% ee)(entry 2). Furthermore, the decrease of catalytic loading of 2e to 10 mol% and 5 mol%, respectively, resulted in a significant decrease in the chemical yield (10 mol%: 39%, 5 mol%: 24%), respectively, although those enantioselectivities were good (10 mol%: 91% ee, 5 mol%: 89% ee) (entries 3 and 4). In the reaction using catalyst 2e (20 mol%), extending the reaction time from 48 to 72 h led to increase the chemical yield (83%) with 94% ee (entry 5).
Based on the observed enantiopurities (DA adduct 8a: 47% ee, 
Conclusions
In conclusion, we have developed new chiral amino alcohols 2a-h, 3-5 bearing silyl groups on oxygen atom at γ-position. The catalysts were easily prepared from the condensation of cheaply and commercially available chiral amino alcohols in two or three steps. The Diels-Alder reactions of anthrones with N-substituted maleimides using the explored catalysts were examined. In these catalysts, TES-amino alcohol catalyst 2e
provided the corresponding hydroanthracene DA adducts 11d in fairly good chemical yield (up to 97%) and moderate enantioselectivity (up to 94% ee). Further studies, including catalyst design modifications and mechanistic investigations, are in progress.
Experimental

General
All 7.53-7.50 (m, 8H), 7.46-7.43 (m, 3H), 7.37-7.35 (m, 6H), 7.30-7.27 (m, 4H), 7.18-7.14 (m, 3H), 7.11-7.08 (m, 1H) 144.1, 135.3, 133.5, 130.2, 128.4, 128.1, 128.0, 126.7, 126.5, 125.5, 125.0, 78.2, 65.0, 57.7; EI 1, 145.0, 128.5, 128.2, 126.7, 126.5, 125.5, 125.1, 79.1, 64.1, 57.2, 6.64, 4.12 6H) ; 13 C-NMR (CDCl 3 ) δ: 146. 2, 145.1, 128.5, 128.2, 126.7, 126.5, 125.6, 125.1, 79.2, 64.2, 57.3, 18.4, 16.7, 16. 1. (S)-1,1-diphenyl-3-(triethylsilyloxy)-1-(trimethylsilyloxy) 
(S)-2-amino-1,1-diphenyl-3-(triisopropyllsilyloxy)propanol (2a)
Preparation of amino alcohol catalyst 4
Amino alcohol 2e (358 mg, 1 mmol), K 2 CO 3 (276 mg, 2 mmol) and iodomethane (120 µL, 2 mmol) were stirred in EtOH (4 mL) at room temperature for 24 h. The reaction mixture was filtered with ethylacetate. The combined organic layer was washed with water, brine, dried over anhydrous Na 2 SO 4 , and filtrated. The filtrate was concentrated under reduced pressure to give the residue. The residue was purified by column chromatography on silica gel (n-hexane : ethylacetate = 4 : 1) to afford 4 (152 mg, 41%). 4.1. N-dimethyl-(S)-2-amino-1,1-diphenyl-3-(triethylsilyloxy) propanol ( 
4.
Preparation of amino alcohol catalyst 5
Amino alcohol 2e (358 mg, 1 mmol), K 2 CO 3 (332 mg, 2.4 mmol) and benzyl bromide (140 µL, 1.2 mmol) were stirred in CHCl 3 (10 mL) at room temperature for 72 h. The reaction mixture was filtered with ethylacetate. The combined organic layer was washed with water, brine, dried over anhydrous Na 2 SO 4 , and filtrated. The firtrate was concentrated under reduced pressure to give the residue. The residue was purified by column chromatography on silica gel (n-hexane : ethylacetate = 4 : 1) to afford 5 (206 mg, 46%). 5.1. N-benzyl-(S)-2-amino-1,1-diphenyl-3-(triethylsilyloxy) propanol ( were known compounds and were identified by spectral data which were in good agreement with those reported. [2] [3] [4] [5] [6] [7] [8] [9] 
4.
